Two cytotoxic proteins, bovine pancreatic ribonuclease A (RNase A), and a restriction endonuclease from H a e n q~h i l u s parainfluenzae ( H p a l ) , were produced using a novel semisynthetic approach that utilizes a protein splicing element, an intein, to generate a reactive thioester at the C-terminus of a recombinant protein. Nucleophilic attack on this thioester by the N-terminal cysteine of a synthetic peptide ultimately leads to the ligation of the two reactants through a native peptide bond. This strategy was used to produce RNase A and HpaI by isolating inactive truncated forms of these proteins, the first 109 and 223 amino acids of RNase A and HpaI, respectively, as fusion proteins consisting of the target protein, an intein, and a chitin binding domain. Thiol-induced cleavage of the precursor led to the liberation of the target protein with a C-terminal thioester-tag. Addition of synthetic peptides representing the amino acids missing from the truncated forms led to the generation of full-length products that displayed catalytic activity indicative of the wild-type enzymes. The turnover numbers and K,,, for ligated and renatured RNase A were 8.2 s -' and 1.5 mM, in good agreement with reported values of 8.3 s -' and 1.2 mM (Hodges & Merrifield, 1975) . Ligated Hpal had a specific activity of 0.5-1.5 X 10' U/mg, which compared favorably with the expected value of 1-2 X 10' U/mg (J. Benner, unpubl. obs.). Besides assisting in the production of cytotoxic proteins, this technique could allow the easy insertion of unnatural amino acids into a protein sequence.
that polypeptides of larger than about 100 amino acids are difficult to obtain.
To overcome this limitation and to develop the potential for more extensive manipulation of proteins, new methods that lead to the precise condensation of synthetic peptides (Dawson et al.. 1994; Jackson et al., 1994; Liu & Tam, 1994) and protein semisynthesis (Offord, 1987; Roy & Acharya, 1994; Wallace. 1995) have become the focus of many studies. Semisynthesis can be achieved by several approaches, and results in the fusion of ;I chemically manipulated or synthetic peptide to other fragments of a protein. Studies on cytochrome c (Wallace, 1993) and insulin (Nakagawa & Tager, 1986 ) utilizing semisynthesis to incorporate noncoded amino acids have provided insights into their structure/ function relationships. However, current semisynthetic techniques can be limited by protein size, the requirement for proteases, and/or the need for specialized reaction conditions.
The ligation methodology presented in this paper takes advantage of an intein whose protein splicing activity has been blocked by mutation. Inteins are naturally occurring proteins that catalyze their own excision from a precursor protein with the simultaneous ligation of two flanking protein sequences, resulting in the generation of two 2256 proteins from a single gene product (Fig. 1 A; Kane et al., 1990; Perler et al., 1994) . The splicing reaction is initiated at the N-terminal residue of the intein with an N-S acyl-shift (in inteins with an N-terminal cysteine) and release of the intein from the precursor is mediated by the cyclization of a C-terminal asparagine residue (Xu et al., 1994; Shao et al., 1995; Chong et al., 1996; . Mutation of the reactive asparagine residue to alanine blocks splicing by preventing cleavage at this splice junction. However, this mutant can still undergo the N-S shift, making it sensitive to thiol-mediated cleavage between itself and an N-terminal target protein (Chong et al., 1997) . In practice, the target protein is isolated from Escherichia coli cell extract as a three-part fusion protein consisting of the target protein, an engineered intein, and a chitin-binding domain (CBD) affinity tag (Fig. IB) . Thiolinduced cleavage of the fusion protein results in the release of the target protein with a C-terminal thioester (Chong et al., 1997) . A previously described protocol, known as "native chemical ligation" (Dawson et al., 1994) , resulted in the fusion of two synthetic peptides when the N-terminal cysteine of one peptide attacks a C-terminal thioester present on another peptide.
Initially, a new thioester bond is formed between the peptides, but this spontaneously rearranges to generate a stable peptide bond. Interestingly, this process is analogous to steps 2-4 of the proteinsplicing pathway (Fig. IA) . The potential of a procedure such as "native chemical ligation" can be greatly increased by taking advantage of the thioester produced on a bacterially expressed protein during intein-mediated purification.
In this paper, we describe a new method for protein semisynthesis that allows the facile production of a recombinant protein fragment fused to a synthetic peptide through a native peptide bond. This technique was used to produce two potentially cytotoxic proteins, bovine pancreatic ribonuclease A (RNase A) and the type II restriction endonuclease HpuI (Ito et al., 1992) , by first expressing inactive fragments in bacteria followed by reaction with synthetic peptides to generate enzymatically active fusion products.
Results

Generation of' thioesrer-tugged proteins
The ligation reaction involves the complementing of two reactive groups, the C-terminal thioester of a protein and the N-terminal cysteine of a synthetic peptide (Fig. 1B) . Proteins with C-terminal thioesters were generated as enzymatically inactive, truncated forms of bovine pancreatic ribonuclease A and HpuI using the Mxe GyrA intein (Telenti et al., 1997) . with an asparagine 198 to alanine mutation (N198A). This protocol was similar to a purification technique described previously for a modified Sce VMA intein (Chong et al., 1997) . The truncated proteins, the first 109 amino acids of RNase A (RNase Alo9) with a methionine added to the N-terminus to aid in bacterial expression and the first 223 amino acids of Hpal (Hpa were expressed in E. coli as three-part fusion proteins consisting of the target protein, the intein, and the CBD (Figs. 1 B, 3, 4) . The fusion protein was isolated by binding t o a column containing chitin beads. Thiol-induced cleavage released the target proteins with a thioester at the C-terminal alpha carbon.
Previously, the nature ofthe C-terminal thioester was found to influence the rate of ligation for "native chemical ligation" (Dawson et al., 1994) . In this study, the thiol used to induce intein-mediated cleavage had a profound effect on ligation efficiency. Tests were conducted with amino acids known to be good for thiol-induced cleavage, tyrosine, and glycine for the Mxe GyrA (N198A) and Sce VMA (N454A) inteins, respectively, at the C-terminus of maltose binding protein (MBP, New England Biolabs, Beverly, Massachusetts) (Duplay et al., 1984; Guan et al., 1987 ) from E. coli ( Fig. 2A) . Two of the most effective reagents at inducing intein-mediated cleavage, dithiothreitol and 2-mercaptoethanol (Chong et al., 1997) . displayed low ligation efficiency (20-SO%, see Fig. 2A,B ). Other compounds were tested for both the ability to induce intein-mediated cleavage and promote efficient ligation. Two compounds were found to display >80% ligation efficiency after an overnight incubation at 4 "C, the sodium salt of 2-mercaptoethanesulfonic acid (MESNA, Sigma Chemical Co., St. Louis, Missouri) and thiophenol (Aldrich Chemical Co, Milwaukee, Wisconsin) (Fig. 2B) . Thiophenol had been used in the past with "native chemical ligation" to increase the rate of ligation (Lu et al., 1996) . However, neither compound caused more than 30% cleavage of the Sce VMA intein fusion protein after overnight incubation at 4°C ( Fig. 2A) . In contrast, the modified Mxe GyrA intein displayed efficient cleavage (>90%) after overnight incubation at 4 "C when either of these compounds were present at a concentration of 50 mM ( Fig. 2A ). MESNA i s odorless, and was used in future experiments.
In addition to the sensitivity of different inteins to different thiols, thiol-induced cleavage of the same intein can be dramatically altered by the target protein C-terminal residue both in the Sce VMA intein (Chong et al., 1998) and the Mxe GyrA intein (F.B. Perler and M.W. Southworth, pers. obs.). In this paper, the Mxe GyrA (N198A) intein did not cleave efficiently with the alanine (Alalo9) of the truncated RNase A adjacent to the first residue of the intein, and led to a lower than expected yield of RNase A (about 0.3 mg/L cell culture after HPLC purification, whereas, based on estimates of precursor amounts. the expected yield would be 4-8 mg/L cell culture). However, the Hpal fragment had a methionine (Met?,,) adjacent to the first residue of the intein and it cleaved efficiently. This resulted in the isolation of 3-6 mg/L cell culture of ligated HpaI. In fact, in cases where maximum yield is desired it may be advantageous to carefully select the intein. thiol, and target protein.
Protein ligation
The thioester-tagged proteins were allowed to undergo ligation with a peptide containing an N-terminal cysteine by adding lyophilized peptide (1 mM final concentration) to the target protein fraction and incubating overnight at 4 "C. Ligation efficiency was high for both truncated proteins (>90%, Fig. 4 ) when MESNA was used. Furthermore, the condensation reactions occurred under a variety of conditions. Intein-mediated peptide ligation, with MBP, has been observed in Tris buffers (50 mM Tris-HC1, 100 mM NaCI) in which the pH varied from 6.0 to 9.0, although the efficiency of ligation was lower at pH 6 (>60%) than at pH 9.0 (>90%). Ligation also proceeds well (>SO%) in Tris buffers (SO mM Tris-HCI, pH 8.0) containing 0.1-1 M NaCl or 6 M urea (data not shown). Also, the small peptide can be synthesized with unnatural amino acids, radioactive residues, or other properties not possible from recombinant sources. For example, using this procedure a biotinylated peptide has been ligated to MBP (data not shown). A limitation, as with all semisynthetic methods, is that the residue to be modified must occur within a peptide of a size that can be chemically synthesized.
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Step 4: S-N Shift Step 1 is an N-S acyl shift that occurs between the C-terminal amino acid of the N-extein (hatched box) and the N-terminal cysteine of the intein (yellow box) and results in the formation of a reactive thioester. This thioester is the focus of a transesterification (step 2) reaction that results in a branched intermediate at the N-terminal cysteine of the C-extein (blue box). The branched intermediate is resolved by the cyclization of an asparagine residue at the C-terminus of the intein to form a succinimide group (step 3). The intein is released from the precursor and the extein residues are attached through a thioester bond. A spontaneous S-N acyl shift generates a peptide bond between the extein sequences and results in a fusion product with a peptide bond at the site of condensation (step 4). B: Intein-mediated peptide ligation. As in protein splicing, the initial step is an N-S acyl shift that generates a thioester between the target protein (red box) and the intein (yellow box, step I). The chitin binding domain from E. circulans (orange hollow circle: Watanabe et al., 1994) allows easy purification of the three-part fusion protein by interaction with chitin resin (blue circle). Unbound proteins are washed away. A nucleophilic attack on the thioester by a small thiol compound (step 2) cleaves the precursor protein and generates a new thioester at the C-terminus of the target protein. The cleaved target protein is eluted from the chitin resin, while the intein-CBD remains bound. The newly formed thioester is reactive to attack by a cysteine residue at the N-terminus of a peptide (green box, step 3). In common with step 3 of protein splicing, this results in a thioester bond between the target protein and the peptide. An S-N acyl shift results in the formation of a peptide bond between the peptide and the target protein. It should be noted that although the direct attack of a peptide on the thioester formed between the target protein and the intein is theoretically possible, it was not found to occur under these conditions (data not shown).
-mmm 4 MYB 1 2 3 4 5 6 7 8 9 1 0 1 2 3 4 5 6 7 8 9 1 0 The choice of a site to split a protein is constrained mostly by the presence of a cysteine, although mutating a residue to a cysteine to facilitate ligation may not alter the protein's activity. The residue C-terminal to the fusion site may affect ligation as discussed by Dawson et al. for native chemical ligation (Dawson et al., 1994) . However. this study indicated that different amino acids at the C-terminus of the recombinant protein do not seem to significantly change the ligation efficiency, although this is based on a limited sampling. Fragments of RNase A and Hpal demonstrate efficient fusion with alanine and methionine at their C-termini. Note that a methionine has been added to the N-terminus of RNase A to allow translation in the bacterial system. RNase A and Hpd were terminated at alanine 109 (RNase AlW, native RNase A numbering) and methionine 223 (Hpa 1222). respectively, because both of these residues were followed by naturally occurring cysteines. The remaining peptides (underlined) were synthesized by standard solid-phase procedures (New England Biolabs).
well with leucine, glycine, or tyrosine as the C-terminal residue (data not shown).
Enzymatic activity of ligated proteins
The truncated fragments of RNase A and Hpnl lacked any detectable enzymatic activity (data not shown for truncated RNase A); however, upon ligation with the appropriate synthetic peptides. both displayed catalytic activities typical of the wild-type enzymes (Fig. 5) . Ligated RNase A required renaturation, as described previously (Lyles & Gilbert, 1991) , to display full activity as determined by the catalyzed hydrolysis of 2',3'-cyclic cytidine monophosphate (Hodges & Merrifield, 1975) . The ligated and renatured protein had k,,, and K,, values of 8.2 s" and 1.5 mM. respectively, in good agreement with previously reported values of 8.3 s-' and 1.2 mM (Hodges & Merrifield, 1975) . Final yields of truncated, ligated, and enzymatically active RNase A were about 0.3 mg/L cell culture for each, demonstrating the high efficiency of ligation.
In contrast to RNase A, HpaI displayed activity immediately after ligation. Specific activity of the recovered soluble enzyme was determined to be 0.5-1 .5 X IO6 U/mg, in good agreement with the expected value of 1-2 X IO6 U/mg (J. Benner, unpubl. obs.) . However, a significant portion of the ligated protein became insoluble and precipitated from solution, accounting for 95-98% of the ligation product as shown by SDS-PAGE (see Fig. 4 ). It appears, therefore, that only a fraction of the fusion product folded correctly while the rest assumed a misfolded conformation.
Unlike with RNase A, refolding experiments with HpaI were unsuccessful. A need for refolding has been found with other condensation techniques Lu et al., 1996) and is a potential complication of any method that involves the formation of a protein from smaller fragments. The final yields of truncated, ligated, and enzymatically active Hpal were 3-6.3-6, and 0.1-0.2 mg/L cell culture, respectively. Incubation of the thioester-tagged protein fragments of RNase A and Hpal with hydroxylamine, which replaces the thioester with a hydroxamate that is unreactive to rc. ElWf1.S e t NI. nucleophilic attack by thiol-containing compounds. eliminated liDiscussion gation and subsequent catalytic activity (Figs. 4,s) . The activity of full length RNase A and Hpcrl as well as previously ligated samples
The application of molecular biological approaches to the expreswere not affected by incubation with hydroxylamine. sion and modulation of cytotoxic proteins can be difficult. The nature of the C-terminal thioester influenced ligation efficiency as was seen previously (Dawson et al., 1994; Lu et al., 1996) , and the thiol reagent used for cleavage determines the properties of the C-terminal thioester. Therefore, the protocol described in this paper has two important requirements for a thiol reagent. First, it must promote efficient ligation. Two compounds shown in Figure 2B have this property-MESNA and thiophenol. Second, total yields of thioester-tagged proteins would be higher if the thiol reagent proficiently induced intein-mediated cleavage. Neither MESNA nor thiophenol-induced efficient cleavage at 4 "C with the Sce VMA intein fusion protein ( Fig. 2A) . Although cleavage was more efficient (30-60%) with MESNA at room temperature (data not shown). However, another intein, a modified Mxe GyrA intein, did cleave efficiently with both of these compounds ( Fig. 2A) and was used in subsequent purification reactions. The differential sensitivity of inteins to thiol reagents may indicate structural variations that allow the active site in one intein to be more solvent accessible. However, both of the MBP fusions of the modulated Sce VMA and Mxe GyrA inteins are resistant to hydrolysis (data not shown). Therefore, the ability of a thiol reagent to induce cleavage may be due to the correct spatial arrangement of atoms that allows the thiol group to orient itself in the optimum position for nucleophilic attack in one intein but not another. Similar to chemoselective techniques, which rely on the pairing of two reactive groups, this strategy allows ligation with no need for the presence of protecting groups on either the protein fragment or the synthetic peptide. Previously, reactive groups have been introduced into the peptide during synthesis and/or into the protein fragment chemically or with proteases (Wallace, 1995) . An advantage of the procedure presented in this paper is that a reactive thioester is easily and precisely generated on a bacterially expressed protein by the intein as part of the purification process. Furthermore, this bypasses problems associated with proteases such as the presence of multiple protease sites within a protein and the need for ligation to occur at a protease recognition sequence. However, there is a requirement for a cysteine at the site of ligation. Application of mutagenesis to insert ligation sites may be useful to increase the number of proteins accessible to this procedure, as was demonstrated for "autocatalytic fragment religation" involving cytochrome c (Woods et al., 1996) .
The ligation of a synthetic peptide to the C-terminus of a recombinant protein complements other recent techniques such as native chemical ligation (Dawson et al., 1994) and the use of "subtiligase" , which can be used to attach compounds to the N-terminus of a protein sequence. A slight modification of native chemical ligation was used to attach an EDTA derivative to the first residue of chimeric c-Fos and c-Jun bZip proteins (Erlanson et al., 1996) . Use of subtiligase has allowed the ligation of peptides to the N-terminus of methionyl-extended human growth hormone and atrial natriuretic peptide (Chang et al., 1994) . Therefore, modification of a protein sequence can be accomplished at either or both ends using these techniques in concert with the methodology described in this paper.
An important consideration when using this methodology is at which point to truncate the target protein. In the case of RNase A, this was facilitated by the vast amount of biochemical data on this protein. Previous studies had demonstrated the importance of the C-terminal residues for RNase A activity (Lin, 1970; Gutte et al., 1972; Wlodawer et al., 1988) . However, most cytotoxic proteins of interest have little or no available biochemical information. To address this issue, we applied this technique to the type I1 restriction endonuclease, HpaI, about which structure/function relationships are not well determined. Truncation of HpaI at residue 223 led to an inactive fragment. Inactivation could be due to the deletion of critical residues or the misfolding of the truncated protein.
A portion of the protein displayed activity immediately after ligation. However, a significant percentage did not, probably due to misfolding. Renaturation is probably a requirement for any technique that involves the assembly of proteins from smaller fragments and was successful with RNase A but not with HpuI. The need for renaturation may be eliminated if the protein were divided between domains that fold independently.
The presented procedure may allow the production of cytotoxic proteins and the introduction of noncoded amino acids into large protein sequences. Also, the ability to precisely place a reactive thioester at the C-terminus of a large protein paves the way for specific labeling of protein sequences without the use of chemicals that may derivatize important catalytic residues. In the future, replacement of the synthetic peptide with a recombinant protein should allow the fusion of large unrelated proteins.
Materials and methods
Creation of vectors pTXB1 and pTXB2
Asparagine 198 of the Mxe GyrA intein was mutated to alanine by linker insertion into the XrnnI and PstI sites of pmxeMIPTyrXmn SPdel to create pMXPl. The linker was composed of mxe#3 (5'-GGTTCGTCAGCCACGCTACTGGCCTCACCGGTTGATAGCT GCA-3') and mxe#4 (5'-GCTATCAACCGGTGAGGCCAGTA GCGTGGCTGACGAACC-3'). Into pMXP1 another linker (composed of mxe#l 5'-TCGAATCTAGACATATGGCCATGG GTGGCGGCCGCCTCGAGGGCTCTTCCTGCATCACGGGAG ATGCA-3' and mxe#2 5'-CTAGTGCATCTCCCGTGATGCAGG AAGAGCCCTCGAGGCGHGCCGCCACCCATGGCCATATGT CTAGAT-3') was inserted into the XhoI and SpeI sites to introduce a multiple cloning site (XbaI-NdeI-Nc~~I-Notl-XhoI-SapI) before the Mxe GyrA intein (pMXP2). The Not1 to Age1 digest of pMXP2 was ligated into the same sites in pTYBl (New England Biolabs, Beverly, Massachusetts) and the NcoI to Age1 fragment of pMXP2 was cloned into pTYB3 (New England Biolabs) to create plasmids pTXB 1 and pTXB2, respectively.
Isolation of truncated genes for Hpal and RNase A
The genes for truncated HpaI (Hpa 7223. amino acids 1-223) were isolated by the polymerase chain reaction (PCR) (Saiki et al.,
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1985) from a cloned full length HpuI gene (New England Biolabs) using oligonucleotides Hpa#4 (5'-GTGGAAGCTCTTCAGCAC ATTTGCCAGGTTGTTCTTT-3') and Hpa#5 (5'-GTGGAATCA TGAAATACGAAGAAATTAATTTTAA-3'). The PCR reaction solution contained Vent DNA polymerase buffer (New England Biolabs), 0.39 p M primer, 8 0 p M dNTP, 20 U/mL Vent DNA polymerase (New England Biolabs) and 500 ng/mL of the plasmid containing the Hpal gene. Amplification was performed on a PerkinElmer (Norwalk, Connecticut) Cetus thermal cycler at 94°C for 45 s, 60°C for 30 s, and 72°C for SO s for 20 cycles. The PCR product was transferred to a pTXB2 vector by shuffling into the NcoI and Sup1 sites, yielding pTXB2-Hpal. The gene for truncated RNase A (RNase Alas, amino acids 1-109 of full length RNase A with a methionine added to the N-terminus) was isolated by PCR from a Bovine Genomic Library from adult male liver (CLON-TECH Laboratories Inc., Palo Alto, California) using oligos RNase#l (S'-GTGGAACATATGAAGGAAACTGCAGCAGCCA-3') and R#2 (5'-GTGGAAGCTCTTCAGCAAGCCACAATGATGTG'ITT ATT-3'). PCR was as described for HpaI with the following exceptions. Lambda library (2 p L ) was heated to 94°C for 1 min prior to use. The PCR reaction solution contained magnesium-free Vent DNA polymerase buffer (New England Biolabs) to which MgS04 was added to a final concentration of 1 mM and 25 U/mL Taq DNA polymerase (Fisher Scientific, Pittsburgh, Pennsylvania). The thermal cycler conditions were 94 "C for 30 s, 52 "C for 30 s, and 72 "C for 45 s for 25 cycles. The PCR product was cloned into the NdeI and Sap1 sites of pTXB I , resulting in pTXB I -RNase.
Oligonucleotide synthesis and sequencing of the cloned genes were performed by the Organic Division and Sequencing Facility of New England Biolabs, respectively.
Purification of thioester-tagged proteins
Protein purification was as described using the Sce VMA intein (Chong et al., 1997) with slight modification. ER2566 cells (W. Jack, D. Dila, J. Menin, E.A. Raleigh, in prep.) containing the appropriate pTXB vector were grown to an ODhoo of 0.5-0.6 at 37 "C, at which point they were induced with 0.5 mM IPTG overnight at 15 "C. Cells were harvested by centrifugation and lysed by sonication (performed on ice). The three part fusion protein was bound to chitin beads ( I O mL bed volume) equilibrated in Buffer A (SO mM Tris, pH 7.4, and SO0 mM NaCI), and washed with 10 column volumes of Buffer A to remove unbound material. Cleavage was initiated using a buffer of SO mM MESNA (Sigma Chemical Co., St. Louis, Missouri), SO mM Tris, pH 8.0, and 100 mM NaCl (Fig. 4) . Protein binding to the column, washing, and oncolumn cleavage were carried out at 4 "C. Fractions were collected after an overnight incubation at 4 "C. Hpa protein concentrations were determined using the Bio-Rad Protein Assay (Hercules, California). RNase A concentrations were calculated using an extinction coefficient at 277.5 nM of 9.8 mM" cm" (Lyles & Gilbert, 1991) .
Purijkation of MYB and MXB
Full-length precursor proteins consisting of maltose binding proteinSce VMA intein (N454A)-chitin binding domain (MYB) and maltose binding protein-Mxe GyrA ( N 198A) intein-chitin binding domain (MXB) were purified after induction and sonication, as described for thioester-tagged proteins, by applying the sonicated sample to a 10 mL column of amylose resin (New England Biolabs). Unbound proteins were washed from the column with I O column volumes of Buffer A (see purification of thioester-tagged proteins). Bound proteins were eluted with a buffer of SO mM Tris. pH 8, containing 100 mM NaCl and 10 mM maltose. Fractions were collected and protein concentrations were determined using the Bio-Rad Protein Assay.
Peptide synthesis
Peptide synthesis was performed on an AB1 model 433A peptide synthesizer utilizing FastMoc chemistry (Fields et al., 1991 ) at a 0.085 mmol scale. Preloaded HMP (p-hydroxymethylphenoxymethyl) polystyrene resins (Applied Biosystems, Foster City, California) functionalized at 0.5 mmol/g was used in conjunction with Fmoc/NMP chemistry utilizing HBTU amino acid activation (Dourtoglou et al., 1984; Knorr et al., 1989) . Fmoc amino acids were purchased from Applied Biosystems. Synthesis proceeded with a single coupling during each cycle. Peptide cleavage from the resin and simultaneous removal of side chain protecting groups was facilitated by the addition of cleavage mixture (Perkin-Elmer) consisting of 0.75 g phenol, 0.25 mL 1,2-ethanedithiol. 0.5 mL deionized H20, and 10 mL TFA. The resin was flushed with nitrogen and gently stirred at room temperature for 3 h. Following filtration and precipitation into cold (0°C) methyl-t-butyl ether, the precipitate in the ether fraction was collected by centrifugation. The peptide precipitate was vacuum dried and analyzed by mass spectrometry using a Perceptive Biosystems (Framingham, Massachusetts) MALDI-TOF mass spectrometer. Final purification was by HPLC using a Waters HPLC system with a Lambda-Max Model 481 multiwavelength detector (set at 214 nM), 500 series pumps, and automated gradient controller with a Vydac semi-preparative C18 column. Elution of the peptide was with a 60 min linear gradient of 6-60% acetonitrile (v/v) in an aqueous solution of 0.1% TFA (v/v).
Protein cleuvuge und ligation reactions
Cleavage of MYB and MXB. The precursor protein (1 mg/mL) was incubated overnight at 4°C with or without a thiol reagent (SO mM) in 150 mM Tris, pH 8, containing 100 mM NaCI. Ligation reactions with MYB and MXB. The precursor protein (1 mg/ mL) was treated as described for cleavage except that a 30-amino acid peptide
(1 mM final concentration, NH,-CAYKTT QANKHIIVACEGNPYVPVHFDASV-COOH) was also included in the reaction. Ligation reactions after purification of thioestertagged proteins. Lyophilized peptides (New England Biolabs) were added (to 1 mM final concentration) directly to the thioestertagged protein freshly isolated from the chitin column. The reaction was allowed to proceed overnight at 4 "C. In the case of RNase A, RNase Alo9 was subjected to concentration (3-4 h concentration time) using a Centriprep 3 column (Amicon, Beverly, Massachusetts) before addition of the peptide.
HPLC purificution of ligated RNase A
The ligated RNase A was separated from small amounts of impurities by HPLC. The HPLC apparatus consisted of a GP-250 Gradient Programmer, P-500 pumps and LKB Control Unit UV-I (Pharmacia, Uppsala, Sweden). The sample was dialyzed into phosphate buffer (1 S mM phosphate buffer, pH 6.6) containing SO mM NaCI. This was applied to a mono S column ( I mL bed volume. Pharmacia) equilibrated in the same buffer. Ligated RNase A was eluted with a 50-600 mM NaCl gradient in phosphate buffer. Both RNase A purchased from the Sigma Chemical Co. (St. Louis, Missouri) and ligated RNase A eluted at 210 mM NaCl under these conditions.
Determination of ligation eflciencies
Ligation efficiencies were based on the comparison of densitometry measurements taken by scanning the SDS-PAGE gels of ligation reactions. Staining intensity of protein bands from scanned images was determined using the program NIH Image 1.59/ppc with subtraction of the intensity of an equivalent area with no visible staining. Percent ligation efficiencies were calculated using the equation: LE = LP 8 lOO/(LP + U P ) (1) where LE is the ligation efficiency, LP is the staining intensity of ligated product, and UP is the staining intensity of unligated protein.
Renaturation of RNasc A
Following the ligation reaction, RNase A was subjected to renaturation as described previously (Lyles & Gilbert, 1991) . Ligated RNase A was initially denatured by overnight dialysis at 4 "C against 100 mM Tris, pH 8 containing 2 mM EDTA, 140 mM DTT, and 6 M guanidine HCI. This was followed by dialysis into a solution of 50 mM Tris buffer pH 8 containing 1 0 0 mM NaCI, 0.2 mM GSSG, 1 .0 mM GSH, and 2 mM EDTA (overnight dialysis at 4 "C, followed by another 1 h in fresh solution). Refolding was facilitated by the addition of protein-disulfide isomerase (1 U/330 p g of RNase A, Sigma Chemical Co.) and allowed to proceed for 7 h at room temperature.
Enzymatic assays f o r RNase A and Hpal
The catalytic activity of RNase A was monitored by its ability to hydrolyze cytidine 2',3'-cyclic monophosphate (C>P, Sigma Chemical Co.) as described previously (Hodges & Memfield, 1975) . A typical assay consisted of the addition of ligated or truncated RNase A (0.61 p M ) to differing concentrations of C>P in 100 mM Tris buffer, pH 6 containing 100 mM NaCI. Hydrolysis of C>P was monitored by a change in absorbance at 296 nM using extinction coefficients of 0.19 mM" cm-l and 0.38 mM" cm" for C>P and hydrolyzed C>P, respectively (Lyles & Gilbert, 1991) . The activity of Hpal was determined by its ability to digest Lambda DNA (New England Biolabs). Serial dilutions of ligated or hydroxylamine treated truncated HpaI, with the appropriate peptide added to 1 mM, were incubated with 1 p g of Lambda DNA for 1 h at 37 "C in a buffer of 20 mM Tris-acetate, pH 7.9, 10 mM magnesium acetate, 50 mM potassium acetate, 1 mM dithiothreitol, and 170 pg/mL BSA (total volume 30 pL). Digestion reactions were visualized on 1 % agarose gels permeated with ethidium bromide. One unit of Hpul was defined as the amount of enzyme necessary to digest 1 p g of Lambda DNA in 1 h at 37°C.
